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ABSTRACT 

We use a part&eve1 Monte Carlo to ass-8 the 
reach of the SSC and LHC for discovering a techni- 
rho through ib purely leptonic decay channels. We 
find the tech&rho couplings using the familiar tech- 
niques of nonlinear realizations. We compute the sig- 
nal and background for techni-rhos of arbitrary maen 
and width, ratricted only by requirements of partisl- 
wave unitarity. 

1. INTRODUCTION 

A major goal of the SSC is to find the mechanism 
responsible for the weak-interaction symmetry break- 
ing. Of the various possibilities. a perennial favorite is 
technic&r [l], where a new set of strong interactions 
breaks the ehiral symmetries associated with techni- 
quarks, just as ordinary QCD breaks the chiral sym- 
metries associated with ordinary quarks. 

In analogy to QCD, the technic&x spectrum con- 
tains Gold&one baas, techni-memns and techni- 
baryons. Three of the Goldstone particlea become the 
longitudinal componenta of the W and the Z. The re- 
maining Goldstone particle acquire maw becawa the 
full chirai symmetry group is broken by gauge and so 
called “extended” technic&r interactions. The num 
ben and musea of these “pseudo” Goldstone boaons 
are very model-dependent; they follow from the precise 
pattern of chiral symmetry breaking [2]. In contrast, 
the properties of the tech&mesons and techni-baryons 
are much less model dependent. They are the particles 
that must be found if technicolor is indeed correct. 
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Mat of the phenomencdogy wociatd with k&i- 
color theories has been carried out under the assump 
tion that the new strong dynamics is de=rihed by an 
SU(N) gauge theory. Thii allowa one to use large N 
arguments to predict the massa and the ridtbs of the 
tecbni-meaone and the techni-baryons [3]. For exam- 
ple, the analog of the rho, cdled the tecbni-rho, is 
assumed to have mass 

M, = (1) 

and width 

I-,= $ ( > 
3 

p 150 GeV (2) . 
Although technic&r is a beautiful idea, thesimpleat 

versions of technic&r theories do not work. They 
have many problems. generally associated with the 
“extended” technic&x sector that communicatea the 
chid symmetry breaking to the ordinary quarks and 
leptons. The simplest technicolor theories are dilictad 
by one or more of the following problems: 

1) The ordinary quark masses are too smalk 

2) The pseudo Goldstone bosom are too light; or 

3) The flavor-changing neutral currents are too large. 

These problems have led in recent yearn to the in- 
troduction of balking” technic&r theories [4], where 
the strong dynamics are not of QCD-type. Walk- 
ing technic&r theories have their own problems (51, 
but they represent an important next step towards 
phenomenologically-viable technicolor theories. 

The problem with analyzing technic&r phe- 
nomenology at the SSC is that there is no Standard 
Model of Technicolor. No known model is in accord 

3 Operatad by Universities Research Association Inc. under contract with the United States Department of Energy 



with all experiments. However, the aesthetic appeal of 
technic&x is so strong that it is worthwhile to search 
for technic&r signals, eve” in the absence of a com- 
pletely consistent model [6,7]. 

In this paper we will pursue such a model- 
independent analysis. We will focus our attention on 
what we consider to be the most generic signature of 
technic&r, the existence of a techni-rho, a spin-one, 
isospin-one resonance of unknown mass and width. We 
will use a parton-level Monte Carlo to compare signal 
to background for the purely leptonic decays of such 
a particle. In this way we will assess the reach of the 
SSC and LHC, as a function of the techni-rho mass 
and width [El. 

II. THE SIGNAL 

2.1 The Lagmngian 

Almost by definition, any successful technic&r the- 
ory must contain at least three techni-pions, the Gold- 
stone bosons that become the longitudinal components 
of the W and the Z. In technic&x theories, these 
techni-pions arise from the breaking of a global chiral 
symmetry group G down to some subgroup H. Given 
the groups G and H, the interactions of the Goldstone 
particles are completely determined by the chiral syrr 
metry [Q] 

In what follows, we will assume that there are just 
three techni-pions. This assumption eliminates many 
of the model-dependent questions associated with the 
pseudo Goldstone spectrum. Of course, the analysis 
presented here can easily be extended to include such 
particles when a realistic technic&x model is at hand. 

Once we have made this assumption, it is not hard 
to show that the allowed chiral symmetry groups are 
either [lo] 

1) G = SU(Z)L x sum; H = N(2)“, or 

2) G = SU(Z)L x CJ(1); H = u(l). 

The second choice is ruled out by measurements of the 
rho parameter, p = MwfMz cosS 2 1. I” contrast, 
the first possibility automatically ensures that p z 1. 
This is because the unbroken SIJ(2)v guarantees that 
the Goldstone bosons transform as a triplet of “weak 
isospin.” 

The fact that G = SU(2)L x SU(2)R and H = 
SU(2)v completely determines the low-energy inter- 
actions of the techni-pions. It also determines the cou- 
pling of the techni-rho. The coupling of the techni- 
rho to the techni-pions must not only preserve weak 

isospin; it must also preserve the full chiral symmetry 
group G. 

To find the techni-rho couplings, we shall use 
the techniques of nonlinear realizations, pioneered by 
Weinberg [ll] and by Callan, Coleman, Was and Zu- 
mine [Q]. These techniques give the most general 
techni-rho coupling consistent with chiral symmetry. 
They give rise to a nonlinear effective Lagrangian that 
describes techni-rho dynamica up to a scale of about 
i z 16nZuZ, or E z 3 TeV. 

Following this method, we start by parametrizing 
the three teehni-pions UP in terms of the SU(2) group 
element 

< = exp(iw”T’/v) , (3) 

where u is the weak decay constant, about 246 GeV, 
and the Ta are three hermitian generators of SU(2), 
normalized so that TrT”T” = $6”. We then represent 
a” SU(2), x sum transformation on .$ as follows: 

t- (’ E LCU’ = UER’ (4) 

Here L, R and U are SU(2) group elements; and U 
is a (nonlinear) function of L, R and w”, chosen to 
restore E’ to the form (3). Note that when L = R, 
Lr = L = R, and the transformation linearizes. This 
simply says that the UP transform as a triplet of weak 
isospi”. 

Given these transformations, we can construct the 
followi”g currents, 

JL = pat - u.rdrt + uaut 
JR = tact - UJRU + uaut (5) 

The currents .7~ and JR transform as gauge fields un- 
der SU(2)v transformations. As above, note that these 
transformations linearize when L = R = Ii. 

The transformations (5) inspire us to choose the 
techni-rho transformation in exactly the same way, 

V - UVU’ + ig”-‘UXJ’ , (‘3) 

where V = PT’, and g” is the techni-rho coupling 
constant. When L = R = CJ, equation (6) implies 
that the techni-rho transforms as a” isotriplet of weak 
ismpin. 

Given these transformations, it is easy to construct 
the most general Lagrangian consistent with chiral 
symmetry. We first write down the currents 

A = Jr, - JR 

V = Jr. + JR + 2ig”V ) (7) 



which transform as follows under an arbitrary chiral 
transformation, 

A - CJAU’ 

v + uvu’ (8) 

Under parity (which exchanges JL with JR and leaves 
V invariant), V is invariant, while A changes sign. If we 
impose the additional assumption that the technicolor 
dynamics conserve parity, we are led immediately to 
the following interaction Lagrangian, 

c = - :2n~,~, - ~d2vpve + (9) 

The dots denote possible term4 with more derivatives, 
which give the subleading behavior in the energy ex- 
pansion. Up to possible field redefinitions, this is the 
most general interaction consistent with chiral symme- 
try [12]. 

Of course, to connect the techni-rho dynamics to 
the standard model, we must add fermions as well bs 
the electroweak gauge bosons. The electroweak gauge 
bosons are added by gauging sum x U(l)y. For the 
case at hand, U(l)y = Ti + U(l)s-cc, where Ti is 
a generator of Sum, and us-r. is proportional 
to baryon minus lepton number. As usual, the elec- 
troweak gauge bosons are chosen to transform as fol- 
lows, 

W = WOT; - LWLt + ig-‘LaLt 
B =Br;s, - B + ig’-’ RBRt (10) 

With this choice, the currents JL and JR become 

in = Et (a-igW)t 

j, = c(i3-ig’B)<‘. 

The gauge-covariant currents are then 

A = ir - iR 
C = i, + i, + 2ig”V, 

and the interaction Lagrangian is simply 

(12) 

c = - ;VZnA,A, - +“2Tr9HQp + (13) 

The Lagrangian L is locally sum x U(l)v invariant; 
it is also chirally invariant up to terms proportional to 
the hypercharge coupling g’. 

The couplings to the fermions are also determined 
by the formalism of nonlinear realizations. For sim- 
plicity, let us assume that we have only one family 

of left-handed quarks $L, and one family of right- 
handed quarks $R, which transform as follows under 
SU(2)L x SU(2)R, 

!bL - LtiL 

*R - Rtl~. (14) 

The general chirally-invariant kinetic term is just as 
in the standard model. Now. however, there are addi- 
tional couplings, such as 

C = b[&C-/‘(j:+-&J~‘~~ 

+ 4RE’ Y’ (6” - A,wJRl > (15) 

which, for the sake of argument. we have taken to be 
parity-invariant. In technicolor theories, such interac- 
tions are induced by the “extended” technicolor sector. 
For the purposes of this paper, however, we will ignore 
these couplings by setting b = 0. We do this because 
of the great uncertainty about the “extended” sector 
in most technicolor theories. This is s conservative 
assumption; taking b # 0 can only improve the signal. 

It is now straightforward to analyze the physics of 
the techni-rho system. In the limit Mp >> Mw, Mz, 
the low-energy spectrum is exactly a8 in the standard 
model, 

M& = 

M; = ;(g2 +g’+* z M& cos-‘6’ , (16) 

up to corrections of order g/g” [13]. There is also a 
mixing between the techni-rho and the W” of strength 
g/2g”. This mixing induces a weak coupling of the 
techni-rho to fermions, even when 6 = 0. 

The parameters g, g’, and v are fixed by the physics 
of the W and Z. The parameters g” and CI, however, 
are free. One combination is fixed by the mass of the 
techni-rho, 

M, = og”2vz , (17) 

and another by its width into techni-pions, 

Because of the chiral symmetry, these two parameters 
completely determine the theory. 

2.2 The Results 

We are now ready to compute the techni-rho signal 
at the SSC. For practical purposes, the techni-rho is 
just an is-pin-one spin-one resonance which decays 
into pairs of the three techni-pions. At SSC energies, 
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Fig. 1. Techni-rho production via (a) WLWL fusion, 
and (b) the Drell-Yan mechanism. 

the techni-pions are effectively longitudinal W’s and 
Z’s. This can be made rigorous by invoking the weak- 
interaction equivalence theorem, which holds to all or- 
ders in the energy expansion S/167r2v2 [14]. 

In an attempt to beat the backgrounds, we shall fc- 
cus our attention on the leptonic decays of the final 
state particles. Since the techni-rho is an isospin-one 
spin-one resonance, it should decay primarily to the 
W+W- and W*Z final states. The W+W- channel 
is very difficult to detect. Not only are the two W’s im- 
possible to reconstruct through their leptonic decays, 
but the background from tt pairs must also be elim- 
inated. The W*Z channel is easier because one can 
reconstruct the final-state Z. Therefore we shall focus 
our attention on this channel [15]. 

The dominant techni-rho production comes from two 
diagrams, shown in Figure 1 [16]. The first is WLWL 
fusion into a techni-rho, and the other is a Drell-Yan 
process, with the techni-rho mixing with a transverse 
W. At SSC energies, there are potentially significant 
contributions from W, WT fusion as well. We have 
ignored this production mechanism because of the un- 
certainties associated with the W, luminosities in the 
effective W approximation [17,18]. 

A third important diagram is shown in Figure 2. 
This diagram gives a continuum “background” to the 
signal; it is required by the chiral symmetry of the La- 
grangian. There are other continuum diagrams that 
involve transverse W’s, but we will ignore them be- 
cause they are suppressed by powers of g. We have 
included the diagrams of Figures 1 and 2 in our signal 
computations; the diagram of Figure 2 contributes to 
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Fig. 2. Continuum WL WL scattering required by 
chiral symmetry. 

the signal away from the techni-rho resonance. 

It is straightforward to compute all three diagrams 
in terms of MP and rO. Because of the chiral symme- 
try, these two parameters completely characterize the 
signal. However, not all values of these parameters give 
a consistent theory. The problem is that the resulting 
subprocesses can violate unitarity. 

There are no unitarity problems with the amplitudes 
involving fermions or transverse vector bosons because 
all these amplitudes are weakly coupled. The ampli- 
tudes to watch are those that involve the longitudinal 
vector bosons, which couple strongly to the techni-rho, 
as well as to each other. 

Therefore, to check unitarity, we focus our attention 
on the diagrams of Figures la and 2. We first write 
the resulting amplitudes in terms of spin-isospin partial 
waves. As expected, only two partial waves contribute 
to the process of interest: the isospin-one, spin-one 
partial wave T,I, and the &spin-two, spin-zero partial 
wave Tzo. We ensure the unitarity of the 2’1, wave by 
including the width in the propagators of Figure 1. 
This, however, does not unitsrize the TAO partial wave. 
Therefore we will use this partial wave to restrict the 
allowed values of M0 and rP. Imposing the condition 
Re Tzo < l/2 for energies up to 1.5 MP, we find that 
Mp and r,, are restricted to the region shown in Figure 
3. In this figure, the KSFR width [lQ] is drawn with a 
dashed line. (The KSFR width corresponds to a = 2. 
It is c1ce.e to the width assumed for SU(N) technicolor 
theories.) We see that the KSFR width is near the 
minimum allowed value [20,21]. 

In what follows we analyze the signal from six pos- 



Table I 
Tecbni-rho Mssses snd Widths. in GeV. 

MM. ( two / 15M / 2ocm 
L mow vi t 1 55 / 18.5 ) 440 
Broad width 1 200 / ‘loo , 800 

Table II 
signd ~rnsa Sections. in Events per SSC-YWI 

sible techni-rhos, consistent with the unitarity limits. 
We choose a narrow rho and a broad rho. For the nar- 
row rho, we take the width to be given by its KSFR 
value. For the broad rho, we use the maximum value 
allowed on the unitarity diagram. Thus we consider 
the masses and widths shown in Table I, where all 
masses and widths are in GeV. The parameters pre- 
sented in the table lie within the domain of validity of 
the effective field theory. 

We have examined the signal for each techni-rho us- 
ing a parton-level Monte Carlo. We looked at the decay 
into W*Z, with subsequent decay into electrons and 
muons (for the SSC) or muons (for LHC). The vee- 
tar boson decays are performed isotropically in phase 
space. Imposing an acceptance cut on the leptons, 

1) pr(!*) > 20 GeV, 

2) IY(e*N < 2.5, 

we found total integrated signals (for the SSC), as 
shown in Table II [22]. In the table, all cross-sections 
are quoted in events per SSGyear, before eRiciencies 
are taken into account, assuming fi = 40 TeV and 
an annual luminosity of 10 fb-‘. These numbers were 
found using the EHLQ set I structure functions for 
the quark distributions, evaluated at a scale @ = 6. 
The WL luminosities were found using the effective W 
approximation [17]. 

Note that the fusion diagram becomes more impor- 
tant as the techni-rho width-to-mass ratio is increased. 
This simply reflects the fact that the techni-rho techni- 
pion coupling scales as (r,/M,)f. 

1000 1500 

Mass (GeV) 

Fig. 3. Masses and widths allowed by unitarity of the 
Tzo partial wave. The dashed line denotes the KSFR 

value of the width. 

III. THE BACKGROUNDS 

The signals quoted above are not of much help with- 
out a careful assessment of the background. The major 
source of background is from the standard n@ subprw 
ces~ [6,23], q@ - W*Z. However, at SSC energies, 
transverse vector scattering is important as well [?I]. 
Therefore we have also included the transverse back- 
grounds W,fz~ - W:ZT and W,‘-, - W$Zp In 
computing the backgrounds, we have not included any 
diagrams with longitudinal vectors in the initial or final 
states. Since we are studying a technic&r theory, we 
have also excluded all diagrams with Higgs exchanges. 

To compute the backgrounds, we have used the 
EHLQ set I structure functions for the quarks, eval- 
uated at Q* = 6. We have also used the effective W 
approximation for the transverse gauge particles, eval- 
uated at the same scale. For transverse gauge bcsons, 
this approximation suffers from a fairly large uncer- 
tainty because of the unknown scale dependence. The 
scale we have chosen tends to overestimate the W,Z, 
backgrounds. Choosing Q1 = M&, would reduce the 
WTZ, background by a factor of five, and the WT~ 

Table III 
Backgound Crca Sections. in Events per SSC-year 
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Fig. 4. The transverse momentum of the 
reconstructed Z, for the background and for the one 
and two TeV narrow-width techni-rhos of Table I, in 

tb/GeV. 

background by a factor of two. Because of this, our re- 
suits for the signal/background ratio are conservative. 

We evaluated the backgrounds using the same ac- 
ceptance cuts as for the signals, and found the total 
cross sections given in Table III. As above, the cross- 
sections are given in units of events/SSC-year. In ab- 
solute magnitude, the background clearly dwarfs the 
signal. 

IV. DISCUSSION 

From the above numbers, we see that the total back- 
ground is large. Fortunately, it is possible to extract a 
signal because of the resonance structure of the techni- 
rho. This can be seen from Figures 4 and 5, where we 
plot the pr spectra of the reconstructed Z. We show 
the contributions from the background, and from the 
signal plus background, for each of the six rhos. In 
each cae the Jacobian peak is visible above the back- 
ground at pr = M,/2 (except possibly for the broad 2 
TeV rho). 

Using this information, it is possible to further sup- 
press the background by imposing a more stringent 
cut on the pr of the reconstructed Z: m(Z) > M,/4. 
With this cut, the techni-rho would be expected to 
show up cleanly in the WZ invariant mass spectrum. 
However, because of the missing neutrino, it is perhaps 
better to look at the so-called cluster transverse mars 
[24], defined as 

MT = (l&mlZ+~~~iot + I &I (19) 

I I I I I I 

10-l 

ct 
? 

zi 10-3 

10-S 

250 500 750 1000 1250 1500 
pT 

Fig. 5. The transverse momentum of the 
reconstructed Z, for the background and for the one 
and two TeV broad-width techni-rhos of Table I, in 

fb/GeV. 

With the lepton acceptance cut and the more stringent 
a(Z) cut, the MT distributions are shown in Figures 
6 and 7. Once again, we see pronounced peaks at the 
techni-rho mas. Integrating over the peaks, we find 
the expected number of events per SSC year, ss shown 
in Table IV. 

From the table we see that the signal always pre- 
dominates over background, but the total event rate is 
small for a heavy techni-rho. The event rate would be 
helped if there were a direct coupling of the techni-rho 
to the quarks, with b # 0, but this is not a necessary 
feature of technic&r. The numbers in Table IV in- 
dicate that serious consideration should be given to a 
high-luminosity upgrade for the SSC. 

For comparison, we include the results for the LHC 
in Table V. The numbers in the table include the 
muonic decays only, and assume fi = 16 TeV with 
an annual luminosity of 500 fb-‘. As is evident from 

Table IV 
Signal and Ba&ptmd Crass Sections, in Eventr per SSCycar 
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MT 

Fig. 6. The cluster transverse mass of the charged 
leptons, for the background (with a(Z) > 250 GeV) 

and for the one and two TeV narrow-width 
techni-rhea of Table I, in tb/GeV. 

the table, the LHC does not have the reach to separate 
signal from background for the heavier techni-rhos. 

We shall conclude by discussing the possibility of us- 
ing the semi-leptonic channels to detect the resonance. 
Clearly, the most useful channel would be Z - @L-; 
W’ -+ jj. Because of the larger branching ratio for 
hadronic W decay, we would expect the signal to be 
enhanced by a factor of three relative to the purely 
leptonic modes, module the jet acceptance. 

However, besides the irreducible electroweak back- 
grounds, there are now new backgrounds from QCD 
processes, such as Z plus two jets. Impcsing the 
lepton acceptance cuts as above, and requiring that 
the two QCD jets obey m(j) > 50 GeV, ly(j)l < 3 
and ARjj > 0.7 to specify the jet-jet separation, we 
tind the cross section for Z(-+ e+e-) + 2 jets to be 
about 115 pb - more than two orders of magnitude 
larger than the signal from a 500 GeV rho. If we 

Table V 
Signal and Badcgmund Cmss Sectioru. in Eventa per LHC-year 

Mes Width InkNd Sigh B!qd S/B 
1000 55 800 - 1zw 484 112 4.3 
1ocKl 2”” 800 - 12w 259 Il.2 2.3 
,500 185 *zw-1800 50 2” 2.5 
15cm ( 400 1 lZM)- ,800 ) 33 I 20 
2ocm 440 15w-xw 10 
mm 8W 1500 - 25M) 

500 1000 1500 2000 2ioo 

f% 
Fig. 7. The cluster transverse mass of the charged 

leptons. for the background (with m(Z) > 250 GeV) 
and for the one and two TeV broad-width techni-rhos 

of Table I, in fb/GeV. 

further require Mjj = Mw i 10 GeV, together with 
m(Z) > M,/4, the QCD background is still about 
four times larger than the signal for Mp = 500 GeV. 
It completely masks the peak. 

Of course, such a m(Z) cut would be of more help 
for a heavier techni-rho, but it is still not sufficient to 
isolate the signal. The problem is that the final-state 
W’s are so energetic that their decay products coalesce 
into a single jet. In this case, the single-jet QCD pro- 
cess Z + jet will be the major background. The rate for 
this process is huge, of order 350 ph. A detailed Monte 
Carlo, including hadronization. is necessary to deter- 
mine the feasibility of using this semi-leptonic mode 
of techni-rho decay. It looks like this decay channel is 
less promising than the purely leptonic mode. 
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